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Although the signaling molecules regulating the early stages of valvular development have been well described, little is known on the late steps
leading to mature fibrous leaflets. We hypothesized that atrioventricular (AV) valve development continues after birth to adjust to the postnatal
maturation of the heart. By doing a systematic analysis of the AV valves of mice from embryonic day (E) 15.5 to 8 weeks old, we identified key
developmental steps that map the maturation process of embryonic cushion-like leaflets into adult stress-resistant valves. Condensation of the
mesenchymal cells occurred between E15.5 and E18.5 and was accompanied by increased cellular proliferation and adhesion. Cellular
proliferation also contributed transiently to the concomitant elongation of the leaflets. Patterning of the extracellular matrix (ECM) proteins along
the AV axis was achieved 1 week after birth, with the differentiation of two reciprocal structural regions, glycosaminoglycans and versican at the
atrial side, and densely packed collagen fibers at the ventricular side. Formation and remodeling of the nodular thickenings at the closure points of
the leaflets occurred between N4.5 and N11.5. In conclusion, AV valve development during late embryonic and postnatal stages includes
condensation, elongation, formation of nodular thickenings, and remodeling of tension-resistant ECM proteins.
© 2006 Elsevier Inc. All rights reserved.Keywords: Valve development; Mouse; Atrioventricular valves; Mitral valve; Extracellular matrix remodeling; CondensationIntroduction
In mouse embryos, the first visible manifestation of
atrioventricular (AV) valve development in the AV canal is
the formation of endocardial cushions by an epithelial-to-
mesenchymal transformation around embryonic day (E) 9.5
(Camenisch et al., 2002; Barnett and Desgrosellier, 2003;
Eisenberg and Markwald, 1995; Person et al., 2005; Schroeder
et al., 2003). Mature AV valves are derived almost entirely from
these cushions (de Lange et al., 2004; Lincoln et al., 2004), with
contribution from the AV myocardium (de Lange et al., 2004;Abbreviations: αSMA, α-smooth muscle actin; AV, atrioventricular; BMP,
bone morphogenetic protein; E, embryonic day; ECM, extracellular matrix; IVS,
interventricular septum; LV, left ventricle; MV, mitral valve; mml, mitral mural
leaflet; N, neonatal; PCNA, proliferating cell nuclear antigen; TGFβ,
transforming growth factor-beta; TV, tricuspid valve; tsl, tricuspid septal leaflet;
w, week
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doi:10.1016/j.ydbio.2006.09.024Gaussin et al., 2005). Remodeling of the AV cushions results in
the formation of mesenchymal leaflets at E14.5 (de Lange et al.,
2004; Gitler et al., 2003). However, the development of these
immature leaflets into adult, stress-resistant valves is not fully
understood, due to the lack of systematic study and the scarcity
of mouse mutants with valve defects that are viable past the
stage of epithelial-to-mesenchymal transformation.
Interestingly, the heart continues to develop after birth, to
adjust to the increasing body mass and changes in vascular
pressures, both in the pulmonary and systemic circulation, that
occurred at birth. Increase in heart mass is achieved by cellular
proliferation up to 4 days postnataly, after which cardiac
myocytes exit the cell cycle and grow by hypertrophy up to 3
months after birth (Leu et al., 2001). The left and right
ventricular diastolic function, shape, size, and wall thickness
are similar in the embryo, start to differ within 1 day after birth
and continue to gradually diverge during the first 3 weeks after
birth (Zhou et al., 2003). Here, we hypothesized that AV valve
development continues after birth to adjust to this postnatal
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valves of mice from E15.5 to 8 weeks old, we identified key
developmental steps that map the maturation process of
embryonic cushion-like leaflets into adult stress-resistant valves.
Material and methods
Animals
Hearts from embryonic (E15.5 onwards), neonatal (N0.5 onwards), and
adult (8 w) FVB mice were fixed overnight in 4% paraformaldehyde/PBS,
embedded in paraffin and sectioned at 6-μm interval for further histological
evaluation. At least three hearts per age group were analyzed. All procedures
were approved by the Institutional Animal Care and Use Committee of the
University of Medicine and Dentistry of New Jersey.
Nuclear density
Nuclei were stained with DAPI and counted on digital images acquired by
fluorescence microscopy. The area was measured using Image-J software
(NIH). The density was calculated by dividing the number of nuclei per area
(nuclei/mm2). Quantification was done for 3 adjacent sections for each heart
and 3 hearts per age group.
Leaflet length
A total of 55 (E15.5 hearts) to 130 (3 w hearts) sections were generated at
6-μm interval throughout the AV valves, depending on the stage analyzed. One
out of every ten sections was observed under microscope to identify the sections
in which the leaflets were attached to the papillary muscles (longest length) and
in which the leaflets were the shortest (free edge). The length of the leaflets in
these regions was measured on up to 15 sections per heart, to identify the longest
and shortest lengths. Leaflet length measurement was done using Image-J
software (NIH) between the anchoring point to the annulus fibrosus and the
papillary muscle, and between the anchoring point to the annulus fibrosus and
the free edge (n=3 to 6 per age group).
Histology
Immunofluorescence was performed using primary antibodies directed
against collagen I, IV, V, VI (Southern Biotechnology Associates), versican B
(Chemicon), fibronectin (Dakocytomation), α-smooth muscle actin (αSMA,
Dakocytomation), laminin (BioGenex), proliferating cell nuclear antigen
(PCNA, Zymed), and sarcomeric myofilaments (MF20, Developmental Studies
Hybridoma Bank, University of Iowa), followed by Alexa-conjugated secondary
antibodies (Molecular Probes). To compare the different patterns of protein
expression in the AV valves throughout development, we used sections with two
morphological landmarks, the point of attachment to the papillarymuscle and the
free edge of the valves, along with directly neighboring sections. These
landmarks were identified at each stage by a thorough analysis of up to 55 (E15.5
heart) to 170 (8 w heart) 6-μm thick sections generated through the AV region.
Staining with alcian blue (Diagnostic Biosystems) and Masson's trichrome
(Polyscientific) was performed according to the manufacturer's protocol.
Statistics
Results were compared using the two-tailed t test and a significance level of
P<0.05.Results
To study the maturation of cushion-like leaflets into adult
valves, hearts of embryonic (E15.5 onwards), neonatal (N0.5onwards), and adult (8 w) FVB mice were prepared for
histological analysis of the AV valves. The AV valves have
mural and septal components, which display individual pattern
of development (de Lange et al., 2004; Gaussin et al., 2005). For
instance, they all interact with AV myocardium, except for the
tricuspid septal leaflet which is the only one that delaminates
from the septum (de Lange et al., 2004; Gaussin et al., 2005).
Therefore, the mural and septal leaflets for each valve were
analyzed.
Condensation
At E15.5, the AV valves consisted of mesenchymal
leaflets. Cellular density in the leaflets was quantified on
DAPI-stained sections. Similar results were obtained for all
the leaflets, and representative data are shown for the mitral
mural leaflet (Fig. 1). Between E15.5 and E18.5, a significant
1.3-fold increase in cell density was observed (Figs. 1A–C).
This increase in cellular density, or increased concentration of
a previously dispersed population of mesenchymal cells, was
called “condensation” as previously described for skeletal
development (Hall and Miyake, 2000). Condensation started
at the atrial side of the leaflet at E15.5 (Fig. 1F) and
expanded towards the ventricular side of the leaflet at E18.5
(Fig. 1K). Cell density decreased significantly postnataly from
N1.5 onwards (Figs. 1A, D, E). In E15.5 and E18.5 AV
valves, the areas of condensation were characterized by
increased expression of fibronectin, which bridges cells with
the interstitial collagen network; N-cadherin, which promotes
cellular adhesion; and proliferating cell nuclear antigen
(PCNA), a marker of cellular proliferation (arrows in Figs.
1F–I, K–N). There was also an increase in the expression of
α-smooth muscle actin (αSMA) (arrows in Figs. 1J, O),
which is expressed by myofibroblasts during remodeling of
extracellular matrix (ECM) in valves (Rabkin et al., 2001).
Elongation of the leaflets
The length of the leaflets was measured at the level of the
papillary muscle and at the free edge on serial histological
sections (Fig. 2A). Fig. 2 shows representative data for the
mitral mural leaflet. Similar data were obtained for the mitral
septal leaflet and the tricuspid mural leaflet (not shown). The
lengths at the papillary muscle and at the free edge were not
different at E15.5 (Fig. 2B). From E18.5 onwards, however, the
leaflet at the level of the papillary muscle became significantly
longer than at the free edge. Three weeks after birth, the lengths
at the papillary muscle and at the free edge were increased by
8.0-fold and 3.6-fold compared to E15.5, respectively (Fig. 2B).
This asymmetric lengthening of the leaflet was concomitant to
the growth of the heart (Fig. 2B).
To test if leaflet elongation could result from cellular
proliferation, immunostaining for PCNA was done. Prolifera-
tion was restricted to the distal tip of the leaflet (Figs. 1I, N, 2E)
and to the anchoring points to the papillary muscle (Figs. 2C, D,
F) at E15.5, E18.5, and N1.5, in addition to the areas of
condensation described above (Figs. 1I, N). At N4.5 and N11.5,
Fig. 1. Condensation at E18.5 in the mitral mural leaflet. (A–E) AV valves from E15.5 to 8 w-old mice were stained with DAPI (B–E) and nuclei density quantified
(A). F–O, AV valves from E15.5 (F–J) and E18.5 (K–O) embryos were stained with DAPI (F, K) and antibodies against fibronectin (G, L), N-cadherin (H, M),
PCNA (I, N), and αSMA (J, O). Condensation was visible in the outlined area indicated by an arrow. Arrowheads in panels I and N point to proliferation at the distal
end of the leaflet. Representative results for the mitral mural leaflet are shown. Scale bar, 50 μm. mml, mitral mural leaflet. ⁎P<0.05.
210 B.P.T. Kruithof et al. / Developmental Biology 302 (2007) 208–217however, PCNA staining was no longer detectable at the free
edge and anchoring points to the papillary muscle (Figs. 2G–J),
indicating that proliferation at these particular sites no longer
contributed to the elongation of the leaflet at those time-points
(Fig. 2B). Another mechanism of elongation could be involved
after N4.5, such as a physical pulling of the leaflets at the level
of the papillary muscles by the rapidly growing heart (Fig. 2B).
This second phase of lengthening was accompanied by
decreased cell density (Figs. 1A, D, E), and concomitant
decrease in N-cadherin staining (Figs. 2K, L).
Postnatal remodeling of the ECM
To study if the ECM composition of the AV valves is
modified postnataly, we examined the pattern of expression of
ECM proteins found in embryonic and adult valves. Two of the
most abundant ECM components in E11.5 AV cushions are
hyaluronic acid (Camenisch et al., 2000) and versican
(Henderson and Copp, 1998; Mjaatvedt et al., 1998).
Hyaluronic acid is an extracellular polymer that binds salt
and water, expanding the extracellular space and allowing cellmigration in the developing valve. Versican is a large
chondroitin sulfate proteoglycan that can bind to hyaluronan
(LeBaron et al., 1992) and is required for the formation of the
endocardial cushions (Henderson and Copp, 1998; Mjaatvedt et
al., 1998). At E15.5 and E18.5, alcian blue, which stains
hyaluronic acid along with other acidic mucopolysaccharides or
glycosaminoglycans, and versican were homogenously present
in the mitral mural leaflet, except in the area of condensation
where interstitial space was decreased (arrows in Figs. 3A, B, F,
G). Starting at N6.5, they became mainly restricted to the atrial
side of the leaflet (Figs. 3C–E, H–J).
The perinatal reduction in alcian blue staining and versican
expression was accompanied by a concomitant accumulation of
stress-resistant ECM identified by Masson's trichrome staining
(Figs. 3O–S). The staining was first detected at E18.5–N1.5, at
the anchoring points to the annulus fibrosus (boxed area in Fig.
3P) and papillary muscles (not shown), and extended at later
stages to span the entire length of adult leaflets at the ventricular
side (Figs. 3Q–S). Immunofluorescence was performed to
characterize individual ECM components such as collagens,
which are the principal source of tensile strength in animal
Fig. 2. Postnatal elongation of the mitral mural leaflet. (A) Schematic representation of an AV valve. Leaflet length was measured on serial sections between the
anchoring point to the annulus fibrosus and the papillary muscle (PM), and between the anchoring point to the annulus fibrosus and the free edge (FE). (B)
Increased leaflet length at the papillary muscle (closed circle) paralleled the increase in heart weight (HW, triangle with dotted line), by contrast to the leaflet length
at the free edge (open circle). (C–J) Immunostaining with an antibody against PCNA in the mitral mural leaflet (E15.5–N11.5). Arrows indicate the point of
attachment of the leaflet to the papillary muscle; arrowheads indicate the free edge of the leaflet. The region of attachment of the mitral mural leaflet to the papillary
muscle is outlined and labeled “pm”. (K, L) Immunostaining with an antibody against N-cadherin in the postnatal mitral mural leaflet (N4.5–8 w). Arrowheads
point to positive N-cadherin staining. Scale bar, 50 μm. ⁎P<0.05 compared to E15.5; #P<0.05 compared to length at the free edge. LV, left ventricle; mml, mitral
mural leaflet.
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diffused in the entire leaflet at E15.5 and E18.5 (Figs. 3K, L) and
became restricted to the ventricular side after birth (Figs. 3M, I,
N). This pattern of expression mirrors the postnatal pattern of
versican expression (Fig. 3I). Similarly to collagen I, collagen V
was diffused in the entire leaflet at E18.5, and became restricted
to the ventricular side after birth (Figs. 4A, B). By contrast, the
expression of collagen VI was present in the entire leaflet from
E18.5 onwards (Figs. 4C, D). A similar time-course of ECMremodeling was observed for the mitral septal leaflet and the
tricuspid mural leaflet (not shown).
ECM remodeling in the septal tricuspid leaflet
The tricuspid septal leaflet is the only one that develops by
delamination from the septum (de Lange et al., 2004; Gaussin
et al., 2005). This particular pattern of development is reflected
by a specific time-course of ECM remodeling. At E18.5,
Fig. 3. Postnatal ECM remodeling in the mitral mural leaflet. AV valves from E15.5 to 8 w-old mice were stained with alcian blue (A–E) and Masson's trichrome
(O–S). Immunofluorescence was performed with antibodies against versican B (red, F–J) and collagen I (green, K–N, I). Arrows point to areas of condensation
(A, B, F, G). (D, E, I, J) Arrowheads indicate nodular thickening, arrows point to subendocardial layer at the ventricular site of the leaflet opposed to nodular
thickening. Scale bar, 50 μm (E15.5, E18.5) and 100 μm (N6.5, N11.5, 8 w). LV, left ventricle; mml, mitral mural leaflet.
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strongly and homogeneously expressed in the entire tricuspid
septal leaflet (Figs. 5A, D). At that stage, the tricuspid septalFig. 4. Collagens in the mitral mural leaflet. Immunofluorescence with
antibodies against collagen V (A, B) and collagen VI (C, D) in the mitral
mural leaflet of E18.5 and 3 to 8 w-old hearts. Scale bar, 100 μm. LV, left
ventricle; mml, mitral mural leaflet.leaflet was still in contact with the septum. Homogeneous alcian
blue staining and versican expression persisted up to 3 weeks
after birth (Figs. 5B, E) and became restricted to the atrial side of
the leaflet and nodular thickenings only at 8 weeks of age (Figs.
5C, F). Collagen I expression was diffused in the leaflet at E18.5
and 3 weeks of age (Figs. 5G, H) and became restricted to the
ventricular side of the leaflet only at 8 weeks of age (Fig. 5I).
Masson's trichrome staining was observed at the ventricular side
of the tricuspid septal leaflet at 8 weeks of age (Fig. 5K), but was
barely detectable at 3 weeks of age (Fig. 5J) or earlier stages (not
shown). Thus, the tricuspid septal leaflet maintained an
embryonic phenotype until at least 3 weeks after birth.
Formation of nodular thickenings
Nodular thickenings are irregular structures on the atrial
surface of adult AV valves corresponding to the line of closure
(Ho, 2002) (Fig. 6A). The first morphological appearance of
nodular thickenings was observed at N4.5 (arrowheads in
Figs. 6E–H). At that time, they were characterized by
increased expression of collagen IV and laminin in the
basement membrane of the endocardial cells overlying the
thickening (Figs. 6E, F). Collagen IV and laminin are normally
Fig. 5. Delayed ECM remodeling in the tricuspid septal leaflet. The tricuspid septal leaflet from E18.5, 3 and 8 w-old mice was stained with alcian blue (A–C) and
Masson's trichrome (J, K), as well as with antibodies against versican (D–F) and collagen I (G–I). Arrowheads point to the tricuspid septal leaflet (A, D, G). Arrows (I)
indicate collagen I staining at the ventricular side of the leaflet. Inserts in panels B and C are higher magnification of boxed areas. Scale bar, 100 μm. IVS,
interventricular septum; MV, mitral valve; TV, tricuspid valve; tsl, tricuspid septal leaflet.
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Figs. 6E, F) and of endocardial cells lining the ventricular side
of the leaflets (arrows in Figs. 6E, F). Restricted expression of
collagen IV and laminin at the atrial side of the leaflet was
already detected at E18.5, along with αSMA expression, prior
to any morphological evidence of thickening of that area
(arrowheads in Figs. 6B–D). At N11.5, the expression of
collagen IV and laminin expanded to span the entire nodular
thickening (Figs. 6I, J). This was accompanied by expression
of fibronectin, αSMA and PCNA (Figs. 6K–M), along with
alcian blue staining (arrowheads in Fig. 3D) and expression of
versican (arrowheads in Fig. 3I). Alcian blue staining and
expression of versican persisted in the nodular thickenings of
adult mice (arrowheads in Figs. 3E, J), and were also found in
the subendocardial space at the ventricular side of the leaflet
opposed to the forming nodular thickenings (arrows in Figs.
3D, E, I, J), whereas the other markers were strongly reduced
at 3 weeks of age (Figs. 6N–R). Thus, the development of
nodular thickenings at the closure points of the AV valvesoccurred after birth and was accompanied by remodeling at
N11.5.
Development of the annulus fibrosus
AV valves are anchored to the annulus fibrosus, which
consists of fibrous tissue that isolates the ventricular
myocardium from the atrial myocardium. In E15.5 heart,
this fibrous ring was absent (Figs. 7A, B). The first detectable
evidence of an annulus fibrosus was seen at E18.5, with the
appearance of collagen V at the AV junction (Fig. 7C).
Collagen V persisted in the annulus fibrosus throughout
development and in adult hearts (Figs. 7D, E). By contrast,
collagen I was absent from the annulus fibrosus (Figs. 7F–J).
Collagen VI was present in the interstitial space in the entire
myocardium, including at the AV junction at E15.5 and in the
annulus fibrosus at all time points tested (Figs. 7K–O).
Particular attention was also given to the anchoring point of
the leaflets to the annulus fibrosus. Collagen I (arrow in Figs.
Fig. 6. Postnatal development of the nodular thickenings in the mitral mural leaflet. (A) Schematic representation of the nodular thickenings (arrows) in an open (left)
and closed valve (right). Immunofluorescence with antibodies against collagen IV (B, E, I, N), laminin (C, F, J, O), αSMA (D, G, K, P), fibronectin (H, L, Q), and
PCNA (M, R) in the mitral mural leaflet of E18.5, N4.5, N11.5, and 3 to 8 w-old hearts. Scale bar, 100 μm. Arrowheads point to nodular thickenings. Stars and arrows
indicate positive collagen IVand laminin staining at the basement membrane of cardiac myocytes and at the ventricular side of the leaflet, respectively (E, F). LV, left
ventricle; mml, mitral mural leaflet.
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leaflet at E18.5 and after birth. By contrast, collagen V and
VI, which were also present at the anchoring point at E18.5
(Figs. 7C, M), were absent in adult hearts (Figs. 7E, O).
Discussion
This study provides the first detailed analysis of AV valve
development during late embryonic and postnatal stages. Our
proposed model for the maturation process of embryonic
cushion-like leaflets into adult stress-resistant valves includes
condensation before birth, postnatal elongation, and postnatal
remodeling of tension-resistant ECM proteins (Fig. 8). This is
accompanied by postnatal formation of the nodular thickenings,
and by perinatal formation of the annulus fibrosus and
anchoring points.The increased density of previously dispersed mesenchymal
cells, or condensation, seen in the AV valves between E15.5 and
E18.5 (Fig. 1) is a critical stage in the development of other
mesenchymal tissues, such as bone, cartilage, and tendon.
Initiation of condensation during skeletal development is
characterized by fibronectin expression and is followed by
increased cellular proliferation and adhesion (Hall and Miyake,
2000). Likewise, the areas of condensation in the AV valves
were associated with expression of fibronectin, PCNA and
N-cadherin (Figs. 1F–O). In addition, αSMA, a marker of
valvular remodeling, was also present. An analogy between the
development of skeletal tissue and AV valves was made recently
in avian embryos, with the identification of markers of tendon
and cartilage in the chordae tendineae and AV valves,
respectively (Lincoln et al., 2004, 2006). Condensation during
skeletal development is an obligatory step prior to the patterning
Fig. 7. Anchoring point to the annulus fibrosus. AV valves from E15.5, E18.5, N11.5, and 8 w-old mice were dual-labeled with the MF20 antibody (red) and antibodies
against collagen V (green, A–E), I (green F–J), or VI (green, K–O). Staining with the MF20 antibody was not overlaid on the pictures at E15.5 and E18.5 to avoid
masking the collagen staining. Instead, the upper limit of the ventricular myocardium was indicated with a dotted line. Scale bar, 50 μm, except for N11.5 (100 μm).
Arrowheads point to the annulus fibrosus, arrows to the anchoring point. LV, left ventricle; mml, mitral mural leaflet.
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Miyake, 2000). This suggests that condensation of the AV
valves could also be a required step prior to ECM patterning
along their AV axis.Fig. 8. Proposed model of postnatal development of the AV valves.
Condensation of the mesenchymal cells (yellow) starts at the atrial side of the
leaflet at E15.5 and expands throughout the leaflet at E18.5. Cellular
proliferation contributes to the elongation of the leaflets (arrow) before N4.5.
Leaflet elongation after N4.5 might occur by physical pulling at the level of the
papillary muscles by the rapidly growing heart. Masson's trichrome staining
(blue) is first detected at the anchoring point of the leaflets at E18.5 and spans
the entire ventricular side of the leaflet 1 week after birth. ECM remodeling
along the AV axis is achieved 1 week after birth, with the differentiation of two
reciprocal structural regions, with glycosoaminoglycans, stained with alcian
blue, and versican at the atrial side (orange) and densely packed collagen fibers
at the ventricular side. Formation and remodeling of the nodular thickenings
(red) at the closure points of the leaflets occur between N4.5 and N11.5.Adult AV valves have a typical half moon-shape because the
length of the leaflet at the level of the papillary muscles is longer
than at the free edge. Here we show that this asymmetry in the
mitral valve is initiated at E18.5 (Fig. 2B). Before N4.5, cellular
proliferation, which was detected at the free edge and anchoring
points to the papillary muscles, contributed to the elongation of
the leaflets (Figs. 1I, N and Figs. 2C–F). Likewise, a distal
outgrowth mechanism due to cellular proliferation was reported
for the initial remodeling of AV cushions into leaflets in avian
embryos (Lincoln et al., 2004). From N4.5 onwards, however,
cellular proliferation was no longer detected at the free edge and
anchoring points to the papillary muscles (Figs. 2G–J).
Interestingly, this is also the time when cardiac myocytes exit
the cell cycle and heart growth continues by cellular
hypertrophy (Leu et al., 2001). This suggests that leaflet
elongation after N4.5 occurs by physical pulling at the level of
the papillary muscles by the rapidly growing heart. Residual
proliferation in the leaflet, such as the transient increased
proliferation in the nodular thickenings at N11.5 (Fig. 6M),
could also contribute to the elongation after N4.5. In this second
phase of elongation, cellular density in the leaflets significantly
decreased (Fig. 1A) and there was a concomitant reorganization
of ECM proteins (Fig. 3).
Adult human AV valves are composed of three layers of
specific ECM proteins; the fibrosa, at the ventricular side,
composed of densely packed collagen fibers which provide
strength; the spongosia, centrally located, with abundant
glycosoaminoglycans which provide cushioning; and the
atrialis, continuous with the atrial endocardium, composed of
elastic fibers. Here, we show that ECM remodeling along the
AV axis of murine leaflets was established 1 week after birth
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leaflet was homogeneous in the embryonic valve, but became
patterned after birth with the differentiation of two reciprocal
structural regions, with glycosoaminoglycans, stained with
alcian blue, and versican at the atrial side, and densely packed
collagen fibers of type I (Fig. 3N), V (Fig. 4B), and fibronectin
(Fig. 6Q) at the ventricular side. Elastic tissue in the atrialis of
AV valves was barely visible in adult mouse hearts (unpub-
lished observation). The one exception to this time-course of
maturation was the tricuspid septal leaflet, which maintained an
embryonic phenotype until at least 3 weeks after birth before a
distinction between atrial and ventricular regions became
apparent (Fig. 5). This delayed maturation could result from
the particular pattern of development of the tricuspid septal
leaflet, which is the only one that delaminates from the septum
(de Lange et al., 2004; Gaussin et al., 2005). Patterning of the
ECM layers throughout development and into the postnatal
period was also seen in the semilunar valves of human, avian,
and mouse (Aikawa et al., 2006; Hinton et al., 2006).
In E15.5 heart, the annulus fibrosus was absent (Fig. 7)
despite the sequential activation of the atrial and ventricular
chambers at that stage (Gaussin, 2004; Moorman et al., 1998).
Instead, the embryonic atrial and ventricular chambers are
separated by the slow-conducting AV myocardium. The
presence of an annulus fibrosus was first detected at E18.5.
Interestingly, its ECM composition was distinct from the ECM
composition at the anchoring points of the AV valves, with
collagen V being predominant in the former and collagen I in the
latter (Figs. 7A–J). The distinction between these two structures
is important since their disruption in patients leads to different
pathology. Disruption of the annulus fibrosus can result in
ventricular pre-excitation (Perloff, 2003). Disruption of the
anchoring point was significantly associated with floppy mitral
valve, suggesting that mitral valve prolapse develops from
hypermobility of the valvular apparatus (Hutchins et al., 1986).
Few mouse mutants with AV valvular defects provided some
insights into the signaling pathways involved into the perinatal
maturation of the AV valves. Defective bone morphogenetic
protein (BMP) signaling in the endothelial cells (Jackson et al.,
2003) or mesenchymal cells (Galvin et al., 2000) results into
hyperplastic valves. BMP signaling is also critical in AV
myocardium for normal AV valve and annulus fibrosus
development (Gaussin et al., 2005). Germline deletion of
transforming growth factor (TGF)-β2 also results in hyperplas-
tic valves (Bartram et al., 2001). Mouse model of Marfan
syndrome, in which fibrillin-1 deficiency increases TGF-β
activity, shows a postnatal mitral valve prolapse as a result of
increased cellular proliferation after N4.5 (Ng et al., 2004). This
suggests that signaling by BMP and TGFβ is important to
regulate cellular proliferation during the condensation and
elongation phases of the AV valves. The generation of
additional conditional null-mice to delineate the respective
contribution of the different cell types forming the valves,
together with mice with hypomorphic alleles which will be
more likely to survive by contrast to mice with germline
deletions, will further unravel the mechanisms involved in the
postnatal development of the AV valves.Acknowledgments
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